FACT
In Brief
FACT is a histone chaperone implicated in the assembly and disassembly of nucleosomes during transcription. Tettey et al. demonstrate that Drosophila FACT regulates patterns of the transcriptioncoupled histone marks H3K4me3 and H3K36me3 and helps to maintain promoter-proximal Pol II pausing. 
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INTRODUCTION
FACT (facilitates chromatin transcription) was originally identified in human cell extracts as an activity capable of promoting RNA polymerase II (Pol II) transcription through nucleosomes (Orphanides et al., 1998) . FACT is an evolutionarily conserved, heterodimeric protein (Formosa, 2008; Orphanides et al., 1999) . It functions much like a histone chaperone to promote Pol II transcription of chromatin in vitro, by aiding in the disassembly and reassembly of nucleosomes encountered by transcribing polymerase (Belotserkovskaya et al., 2003) . Subsequent genetic studies defined a broader role for FACT in maintaining chromatin architecture. Loss of FACT function can lead to a variety of chromatin abnormalities, including (1) loss or disorganization of nucleosomes and mislocalization of the yeast histone H2A.Z in transcribed regions (Feng et al., 2016; Jamai et al., 2009; Jeronimo et al., 2015; Schwabish and Struhl, 2004; Voth et al., 2014; Xin et al., 2009 ); (2) reduced levels of bulk trimethylation of histone H3 at lysine 36 (H3K36me3) in yeast (Chu et al., 2006) ; and (3) aberrant transcription-coupled histone H3 lysine 4 trimethylation (H3K4me3) at immunoglobulin switch regions (Stanlie et al., 2010) . Notably, mammalian FACT is most highly expressed in undifferentiated and stem-like cells. Elevated expression of the FACT subunit SSRP1 is associated with poor clinical outcome in many cancers, and interfering with FACT activity has been reported to block growth of tumor cells in vitro and in vivo (Carter et al., 2015; Dermawan et al., 2016; Ding et al., 2016; Garcia et al., 2011 Garcia et al., , 2013 Gasparian et al., 2011; Hossan et al., 2016) .
Although FACT was originally identified in human cells, its function is best understood in yeast. To shed light on the function(s) of FACT in higher eukaryotes, we investigated the consequences of decreasing FACT expression in Drosophila S2 cells. We observe that decreased FACT expression leads to a dramatic redistribution of the transcription-associated histone marks H3K4me3 and H3K36me3. Most notably, we identify a role for FACT in maintaining promoter-proximal Pol II pausing, a process that is apparently absent from budding yeast but plays an important role in transcription activation at most higher eukaryotic genes (Jonkers and Lis, 2015; Liu et al., 2015) . Promoter-proximal pausing occurs when Pol II initiates transcription at a promoter, synthesizes a short transcript of $20-60 nucleotides, and then enters a paused state until it either terminates (Brannan and Bentley, 2012; Brannan et al., 2012; Wagschal et al., 2012) or is released into productive elongation. Release from promoter-proximal pausing is a key step in gene activation in response to many signaling pathways. Our identification of a role for FACT in Pol II promoter-proximal pausing expands the function of FACT in transcription.
RESULTS
FACT Enrichment in Gene 5
0 Ends Results of previous studies led to the model that FACT promotes Pol II transcription by traveling with elongating Pol II.
FACT co-localizes closely with transcribing Pol II in yeast (Mason and Struhl, 2003) and on Drosophila polytene chromosomes (Saunders et al., 2003) . To explore further the relationship of FACT and Pol II in Drosophila S2 cells, we compared their localizations in chromatin immunoprecipitation sequencing (ChIP-seq) experiments.
To localize FACT, we performed ChIP-seq using antibodies against Drosophila FACT subunits SSRP1 and Spt16. The peak finding algorithm MACS2 was used to identify loci occupied by SSRP1 or Spt16, using as controls SSRP1 or Spt16 ChIP-seq datasets from cells depleted of SSRP1 or Spt16, respectively. SSRP1 or Spt16 was each depleted using two non-overlapping double-stranded RNAs (dsRNAs); EGFP double-stranded RNA was used as a non-targeting control. After knockdown of either FACT subunit, expression of SSRP1 and Spt16 was reduced to about 20%-30% of that seen in cells treated with EGFP dsRNA ( Figure 1A ). Knocking down SSRP1 or Spt16 reduced the expression of both proteins, consistent with prior evidence that depletion of one FACT subunit leads to reduced stability of the other in human cells (Safina et al., 2013) . Examples of FACT-occupied regions in control and SSRP1-or Spt16-knockdown cells are shown in Figure 1C .
The D. melanogaster genome was partitioned into promoter and early transcribed region (200 bp upstream to 1 kb downstream of the transcription start site [TSS] ), gene body (+1 kb to polyadenylation site), and intergenic regions lacking Figure S1 .
annotated transcripts. We observed that 86% of the SSRP1 peaks and 80% of the Spt16 peaks (MACS2, fold change > 1.5 over knockdown, false discovery rate [FDR] % 10 À2 ) fell within promoter and transcribed regions of annotated genes, with a bias toward the 5 0 ends ( Figure 1B) . Regions exhibiting the highest SSRP1 and Spt16 enrichment were dominated by stress response genes, including Hsp22, Hsp23, Hsp26, Hsp27, and Hsp70, consistent with previous evidence for high FACT occupancy at heat shock genes (Saunders et al., 2003) . SSRP1 and Spt16 occupancy was highly correlated as expected since they function together as subunits of the heterodimeric FACT complex ( Figure S1B) .
We also performed a ChIP of total Pol II using an antibody targeting the Pol II subunit Rpb3. Regions of highest FACT enrichment peaked within the first few hundred base pairs downstream of the TSS, downstream of promoter-proximally paused Pol II ( Figures 1D and S1C ). We then compared Rpb3 enrichment in the 5 0 end of genes (200 bp upstream to 1 kb downstream of the TSS). Genes without detectable FACT enrichment (group I, n = 13,313) had lower Pol II occupancy, while the 1,015 genes with the greatest FACT enrichment (MACS2 fold change > 1.5 and FDR % 10
À2
; group III) exhibited the highest Pol II occupancy ( Figure 1E ). An additional 2,683 genes with lower confidence FACT peaks (group II, FDR % 10 À1 , excluding group III genes) also showed increased Pol II occupancy relative to group I genes. Thus, FACT is most highly enriched at genes with higher levels of Pol II. In addition, we note that Pol II overlaps with a fraction of the FACT peaks that mapped to intergenic regions, as exemplified in the browser shots shown in Figure S1A . However, not all genes containing discernable Pol II have detectable FACT peaks, suggesting either that FACT is only present at a subset of Pol II transcribed genes or, perhaps more likely, that our antibodies are not sensitive enough to detect FACT at loci with relatively low levels of Pol II.
FACT Knockdown Alters Global Patterns of Transcription-Coupled Histone Marks
The N-terminal tails of histones are subject to extensive posttranslational modifications. Among these are H3K4me3 and H3K36me3, both of which are closely linked to transcription. H3K4 trimethylation by a complex of proteins associated with Set1 (COMPASS)-like histone methyltransferases is targeted to the 5 0 ends of genes via Pol II that has been phosphorylated on Ser5 of its carboxy-terminal domain (CTD) during or shortly after initiation, while H3K36me3 by Set2 is targeted to gene bodies through interaction with elongating Pol II phosphorylated on Ser2 of its CTD by the pause-release kinase positive transcription elongation factor b (P-TEFb) (Shilatifard, 2012; Venkatesh and Workman, 2013; Woo et al., 2017) .
Previous studies have linked FACT to both of these transcription-coupled histone modifications. Loss of FACT in a mouse B cell lymphoma cell line leads to loss of H3K4me3 in Sm and Sa immunoglobulin class switch regions and interferes with transcription-dependent class switch recombination (Stanlie et al., 2010) . In addition, levels of bulk H3K36me3 were shown to be reduced in a yeast spt16 mutant (Chu et al., 2006) ; however, the genomic distribution of the H3K36me3 mark was not examined in this study.
For these reasons and because of FACT's enrichment at transcriptionally active loci, we wished to explore the consequences of FACT depletion on the distribution of transcription-associated histone modifications. To do so, we treated S2 cells with control EGFP dsRNA or dsRNAs targeting SSRP1 or Spt16 and performed H3K4me3 and H3K36me3 ChIP-seq. Because our FACT knockdowns only partially deplete FACT subunits, it is likely that our experiments will only reveal consequences of FACT depletion in processes that are most sensitive to FACT concentration. In addition, because it takes several days to achieve dsRNA-mediated knockdown of SSRP1 and Spt16, some phenotypes associated with FACT depletion could be indirect.
Average gene plots were generated for transcribed genes that are longer than 1.5 kb and, to reduce signals associated with overlapping or nearby genes, are separated from all other genes by at least 200 bp. As expected, control cells showed a strong enrichment of H3K4me3 at gene 5 0 ends as observed in average gene plots ( Figure 2A ) and at individual genes, exemplified in Figure 2B by Inos and 18w. After SSRP1 or Spt16 knockdown, H3K4me3 signals were broadened, with reduced H3K4me3 in gene 5 0 ends and a modest increase in H3K4me3 across transcribed regions. The effect of FACT depletion on H3K4me3 was evident on the majority of transcribed genes included in our analysis, including group I, II, and III genes ( Figure 2C ).
H3K36me3 distribution was also aberrant after FACT knockdown ( Figures 2D and 2E ). H3K36me3 was reduced across a large portion of transcription units but showed little or no change in the last few hundred bp before polyadenylation sites, resulting in an overall 5 0 to 3 0 shift in the distribution of this mark. As with H3K4me3, the effect of FACT depletion on H3K36me3 was broadly distributed ( Figure 2F ).
In yeast spt16 mutants, substantial transcription-dependent nucleosome loss was detected by ChIP of core histones, including H3, within the transcribed regions of genes (Jamai et al., 2009; Jeronimo et al., 2015; Schwabish and Struhl, 2004; Voth et al., 2014; Xin et al., 2009) . To address the possibility that changes in H3K4me3 and H3K36me3 marks could be explained by changes in histone H3 occupancy rather than changes in the distribution of these histone modifications per se, we performed a histone H3 ChIP-seq experiment. Average gene plots of H3 occupancy ( Figure 2G ) revealed only subtle changes in histone H3 distribution and perhaps a slight decrease in average H3 occupancy over the bodies of transcribed genes after either SSRP1 or Spt16 knockdown. The differences, if any, in H3 occupancy within the first 500 bp or throughout the entire gene body were much less than those observed for the H3K4me3 and H3K36me3 marks, respectively (Figures 2C and 2F) . We also investigated the effect of FACT knockdown on histone H3 occupancy at several FACT-occupied group III genes using ChIP-qPCR ( Figure S2 ). These assays showed little or no difference in H3 occupancy at either the promoter or gene body regions of the genes analyzed. The apparent difference between the effects of mutating Spt16 in yeast and knocking down Spt16 or SSRP1 in Drosophila S2 cells may be because (1) FACT is only partially depleted after dsRNA-mediated knockdown and (2) the residual FACT is sufficient for all but the most sensitive FACT-dependent effects. Alternatively, FACT-dependent changes in nucleosome occupancy could be obscured by compensatory mechanisms in S2 cells. Regardless of why FACT knockdown has only minimal effects on H3 occupancy in S2 cells, these observations argue that changes in the distribution of H3K4me3 and H3K36me3 cannot be explained by changes in H3 distribution. Thus, our findings support the model that FACT is needed for proper localization of transcriptionassociated chromatin marks in Drosophila.
We also investigated the effect of depleting FACT on the distribution of the histone H2A variant H2A.Z in Drosophila S2 cells. Recent studies have implicated yeast FACT in restricting H2A.Z to promoter regions (Jeronimo et al., 2015) . Loss of yeast FACT leads to a loss of H2A.Z from promoter-proximal nucleosomes coupled with an increase in H2A.Z in gene bodies. These changes were attributed to mislocalization of SWR complex (SWR-C), which is responsible for the exchange of H2A.Z/H2B dimers into nucleosomes. To determine whether depletion of Drosophila FACT also leads to changes in H2A.Z localization, we compared the occupancy of H2Av (the Drosophila ortholog of H2A.Z) before and after FACT knockdown. As expected ( Figures 2I and S3A ). We also observed an increase in H2A.v in the bodies of some genes ( Figure S3B ); however, these changes were neither widespread nor evident in average gene plots. We note that we readily observed increases in H3K4me3 occupancy in gene bodies accompanying a decrease in promoter-proximal peaks. Hence, we expect that if there are widespread increases in H2Av occupancy in gene bodies after partial FACT depletion, they are less substantial than the H3K4me3 increases.
FACT Knockdown Leads to a Decrease in PromoterProximally Paused Pol II We next explored the effect of FACT depletion on Pol II transcription in Drosophila cells. Previous studies have provided evidence that in yeast the loss of FACT can give rise to multiple transcription defects, including alterations in promoter usage and defective elongation (Biswas et al., 2005; Kaplan et al., 2003; Mason and Struhl, 2003; Schwabish and Struhl, 2004) . Initially, we assessed the effect of FACT depletion on steady-state transcript levels using poly(A)-selected libraries from control or FACTknockdown S2 cells, with human 293T cells as spike-in controls. Although we observed widespread changes in transcriptionassociated histone marks after FACT knockdown, changes in steady-state RNA levels were more limited; out of $7,800 expressed genes we identified only 878 differentially expressed genes, about two-thirds of which were upregulated after SSRP1 or Spt16 knockdown ( Figure S4A ).
To investigate further the effect of FACT depletion on Pol II transcription, we used precision nuclear run-on coupled to deep sequencing (PRO-seq) (Kwak et al., 2013; Mahat et al., 2016) to measure Pol II occupancy genome wide in S2 cells treated with control and SSRP1 dsRNAs. We used PRO-seq rather than Pol II ChIP-seq for these experiments because (1) it generates strand-specific information, hence, one can distinguish between Pol II transcribing in the sense-and anti-sense direction on each gene, and (2) it measures only transcriptionally engaged polymerases.
Depletion of SSRP1 led to a widespread decrease in PRO-seq reads just downstream of the TSS, in the position of promoterproximally paused Pol II, suggesting that FACT depletion decreases the amount of paused Pol II at many genes ( Figure 3A) . To explore the effect of FACT depletion on Pol II distribution further, we determined a pause index (PI), defined as the ratio of Pol II occupancy (based on PRO-seq reads) in the promoter-proximal region to Pol II occupancy in the gene body, a widely used metric to assess promoter-proximal Pol II pausing (Core et al., 2008; Muse et al., 2007; Zeitlinger et al., 2007) . Based on their PIs, we subdivided our group of non-overlapping, transcribed genes into three equal groups ( Figure 3B ), designated highly paused, moderately paused, and lowly paused, and calculated the change in PI upon SSRP1 knockdown for all genes in each group. As shown in Figure 3C , loss of SSRP1 led to a decrease in PI at both highly and moderately paused genes; however, the effect was greatest at genes that are highly paused. Not surprisingly, there was little change in PI at lowly paused genes after SSRP1 knockdown.
Changes in PI can result from changes in the PRO-seq signal at the TSS, within the gene body, or both. In average gene plots of highly, moderately, and lowly paused genes, we observe little difference in PRO-seq reads in gene bodies, suggesting the majority of PI changes are due to changes in PRO-seq reads at the TSS region ( Figure 3B ). We also determined the change in PRO-seq reads over TSS and gene bodies in each pausing group. As shown in Figure S4B , the PRO-seq signal at the TSS is reduced at the majority of genes, and this reduction is most substantial at highly paused genes. On average, there are relatively small changes in the PRO-seq signal within gene bodies. However, the decrease in PRO-seq reads in the promoter-proximal region was associated with an increase in reads across the gene body in some cases, including Hsp22, Hsp26, and 18w ( Figures 3D, 3E , and S4B). As shown in Figure S4C , we found that genes that were upregulated in our RNA-seq dataset tended to exhibit this pattern, raising the possibility that in at least some cases the loss of FACT results in premature release of paused Pol II into productive elongation.
FACT Knockdown Leads to a Decrease in Pol II Pause
Half-Life A decrease in the amount of promoter-proximally paused Pol II can be due to a decrease in the duration of Pol II pausing, a decrease in initiation rate without a change in pause duration, or some combination of the two. To measure directly the effect of FACT depletion on the duration of promoter-proximal pausing, we used ChIP-nexus, a powerful method for high-resolution mapping of promoter-proximally paused Pol II using chromatin immunoprecipitation coupled to exonuclease footprinting (Shao and Zeitlinger, 2017) .
In these experiments, we incubated cells that had been treated with EGFP control or SSRP1 dsRNAs with triptolide, a drug that blocks Pol II transcription initiation by inhibiting the transcription factor IIH (TFIIH)-associated XPB helicase, but does not interfere with subsequent steps of transcription, including pause release (Jonkers et al., 2014; Titov et al., 2011; Vispé et al., 2009 ). Cells were harvested at various times after triptolide addition and subjected to Rpb3 ChIP-nexus; spike-in controls were included to account for the loss of total ChIP signal over time.
From the genes used above, we selected the 998 genes that had a promoter-proximal ChIP-nexus Pol II signal at an identifiable pausing position (Shao and Zeitlinger, 2017) . For each of these genes, Pol II measurements from the time course were fitted into an exponential decay model ( Figure 4A shows 18w as an example). We observed a striking decrease in the halflife of paused Pol II at the majority of genes (Figures 4B) after SSRP1 depletion; this decrease was not limited to genes showing the greatest FACT enrichment ( Figure S4D) . A heatmap showing the promoter-proximal ChIP-nexus signal across all promoters, ranked by decreasing pause half-life, also shows the global difference between control and SSRP1-depleted cells ( Figure 4C) ; at each time after triptolide addition, the number of genes showing paused Pol II was substantially decreased in cells depleted of SSRP1.
If FACT-dependent changes in PI measured by PRO-seq are due at least in part to a decrease in Pol II pause half-life, we would predict that highly paused genes, which showed the greatest decrease in PI, would also show the greatest decrease in pause half-life. To address this possibility, we compared changes in pause half-life following SSRP1 knockdown in highly, moderately, and lowly paused genes ( Figure 4D ). Although pause half-life was reduced in all three groups, highly paused genes indeed showed the greatest decrease in pause half-life. Taken together, these findings argue that FACT helps to maintain stable Pol II pausing across the genome.
DISCUSSION
In this report, we investigated roles of FACT during elongation by Pol II in Drosophila S2 cells. In addition to uncovering prominent roles for FACT in coordinating transcription-coupled chromatin alterations, we identified a role for FACT in promoter-proximal pausing, a key step in transcription activation in higher eukaryotes (Jonkers and Lis, 2015) . FACT depletion results in the loss of transcriptionally engaged Pol II from pause sites at most genes, correlating with a marked decrease in the duration of Pol II pausing. Together, these findings argue that FACT plays an important role in maintaining Pol II at promoter-proximal pause sites.
Paused Pol II can undergo multiple fates: it can enter productive elongation to complete synthesis of mature transcripts or it can terminate and leave the gene (Chiu et al., 2018; Erickson et al., 2018; Jonkers and Lis, 2015) . At some genes, loss of PRO-seq reads at pause sites correlates with an increase in reads in the gene body, consistent with the possibility that at least some Pol II is prematurely released from its pause into productive elongation. At other genes, loss of PRO-seq reads at pause sites is not accompanied by an increase in gene body reads, raising the possibility that some paused Pol II at these genes terminates and fails to synthesize mature mRNA.
How FACT decreases Pol II pausing is presently not known; however, it is not difficult to imagine that its histone chaperone activity could play a role. Although FACT depletion in Drosophila S2 cells does not lead to the same substantial loss of nucleosomes at transcribed genes as in yeast, it is noteworthy that SSRP1 or Spt16 knockdown in S2 cells leads to transcriptiondependent alterations in the +1 nucleosome consistent with partial unwrapping of the nucleosome or loss of one H2A-H2B dimer (Ramachandran et al., 2017) . Thus, it is tempting to speculate that FACT helps to maintain an intact promoter-proximal nucleosome that acts as a barrier to slow pause release ( Figure 4E ). Alternatively, FACT's effect on pausing could be independent of histone chaperone activity. Indeed, FACT was reported to influence transcription of naked DNA templates in vitro through functional interactions with factors that regulate pausing (Wada et al., 2000) . In this case, however, FACT was found to cooperate with P-TEFb to overcome the activities of the pause-inducing factors DRB sensitivity-inducing factor (DSIF) and negative elongation factor (NELF), predicting that FACT depletion would increase, rather than decrease, pause duration. FACT-dependent changes in elongation-coupled histone marks and promoter-proximal pausing could reflect independent activities of FACT or they could be causally related. Although future experiments will be required to distinguish between these possibilities, we favor the latter. Evidence suggests that changes in elongation rate, and hence the length of time Pol II spends in a particular region of the transcription unit, can affect the distribution of transcription-coupled modifications. H3K36me3 was shifted toward gene 5 0 ends in human cells expressing a slowly elongating Pol II mutant (Fong et al., 2017) . In addition, a comparison of elongation rate and H3K36me3 in mouse ES cells found that at genes where Pol II elongates more rapidly, H3K36me3 exhibits a relative depletion toward gene 5 0 ends and a 5 0 to 3 0 shift in distribution much like that observed after FACT knockdown (Jonkers et al., 2014) . Patterns of H3K4 methylation are also sensitive to elongation rate, being shifted in a 5 0 direction in yeast expressing slowly elongating Pol II mutants, and in a 3 0 direction in yeast expressing fast Pol II mutants (Soares et al., 2017) . Further, in human cells, genes with broad peaks of H3K4me3, in which H3K4me3 is reduced at promoters and increased across transcribed regions, exhibit less promoter-proximal pausing. Blocking release from pausing with flavopiridol, an inhibitor of the P-TEFb kinase, resulted in narrower H3K4me3 peaks, suggesting that broadening of the H3K4me3 mark results from more rapid release of Pol II from the pause region (Chen et al., 2015) . Notably, the broader H3K4me3 peaks seen in this study resemble those we observe after FACT knockdown. In light of these observations, the altered distribution of H3K36me3 and broadening of the H3K4me3 marks seen in FACT-depleted cells could be at least in part a consequence of decreased promoter-proximal pausing ( Figure 4E ).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Drosophila S2 cells (RRID:CVCL_Z232) were grown at 25 C in Schneider's media (GIBCO #21720) supplemented with 10% heat-inactivated fetal bovine serum (PAA Laboratories #A15-701).
METHOD DETAILS
Double-Stranded RNA (dsRNA) Mediated Knockdown of FACT Double-stranded RNA-mediated knockdowns were performed in Drosophila embryonic S2 cells using either one of the two nonoverlapping double stranded RNAs targeting either SSRP1 or Spt16. Double stranded eGFP RNA was used as a non-targeting control to rule out off-target effects. DsRNAs were generated as follows: SSRP1 and Spt16 coding sequences were PCR-amplified from S2 cell-derived cDNA using attB modified custom primers attB1-SSRP1.fwd / attB2-SSRP1.rev and attB1-Spt16.fwd / attB2-Spt16.rev, respectively. PCR products were introduced into Gateway pDONR221 vectors to generate pDONR221-SSRP1 and pDONR221-Spt16. To generate templates for dsRNA synthesis, 500 ml PCR reaction mixtures containing 25 units of Amplitaq (Roche Applied Science), 1X Amplitaq buffer (Roche), 200 mM each dNTP, 0.75 mM each of the forward and reverse primers, and pDONR221-SSRP1 or pDONR221-Spt16 were aliquoted into eight 0.25ml PCR tubes and amplified using an Eppendorf thermocycler using the following conditions: initial denaturation at 94 C for3 min, followed by 35 cycles of 94 C for 30 s, 55 C for 30 s and 72 C for 1 min and a 10 min final extension at 72 C. Following PCR amplification, the eight reactions were pooled, and the amplicons were purified using the QiaQuick PCR purification kit (QIAGEN). Amplicons were eluted from the column into 50 ml of TE (10 mM Tris HCl pH 7.5, 1 mM EDTA). DNA concentration of the final products were measured using a NanoDrop2000c Spectrophotometer, and the quality of the amplicons assessed by electrophoresis on a 2% agarose gel in 0.5 X TBE.
All experiments were performed in duplicate. For RNA-seq, ChIP-seq, and ChIP-nexus experiments, about 2 3 10 6 cells were seeded in each well of a 6-well dish (35 mm) for each replica. Cells were incubated at 25 C for 30 min to allow cells to attach to the bottom of the plate, and 10 mg dsRNA was added to each well. For PRO-seq, about 12 3 10 6 cells were seeded in a 100 mm dish for each replica and incubated at 25 C for 30 min. Cells were then treated by adding 60 mg dsRNA to each dish. After 48 hours at 25 C, a second dose of 10 mg or 60 mg of dsRNA was added to cells for RNA-seq and ChIP-Seq or PRO-seq, respectively. 48 hours later, the cells were harvested to study the loss of function phenotypes. For RNA-seq and ChIP-seq, cells were washed twice by resuspension in 1 mL phosphate buffered saline (PBS) followed by centrifugation at 1500 x g for 5 min at 4 C and then resuspended in 500 mL PBS. For PRO-seq, cells were washed twice by resuspension in 10 mL PBS followed by centrifugation at 1000 x g for 5 min in a swinging bucket rotor. After the last wash, nuclei were prepared for PRO-seq as described below. For all experiments, SSRP1 and Spt16 knockdown efficiency was confirmed by western blotting with anti-SSRP1 or anti-Spt16 primary antibodies and Alexa Fluorâ 680 goat anti-rabbit IgG (H+L) secondary antibodies. Tubulin (loading control) was detected using anti-tubulin mouse monoclonal primary and IRdye800 Donkey anti-Mouse IgG(H+L) secondary antibodies. Blots were visualized using a LI-COR Odyssey Imaging System.
Antibodies
Custom antibodies against full length, bacterially expressed Spt16 and SSRP1 that had been purified from inclusion bodies were raised in rabbits (YenZym Antibodies, LLC) and affinity purified from antisera using full length Spt16 and SSRP1 coupled to CNBrSepharose 4B (GE Healthcare) according to the manufacturer's instructions. Other antibodies included rabbit polyclonal antibodies against the full-length Drosophila Pol II subunit Rpb3 (Zeitlinger lab; Shao and Zeitlinger, 2017), H3 (ab1791, Abcam), H3K36me3 (ab9050, Abcam), H3K4me3 (ab8580, Abcam), and H2Av anti-serum (Leach et al., 2000) .
ChIP-Seq
Chromatin immunoprecipitation was performed essentially as described (Lee et al., 2006) . Formaldehyde crosslinking was performed by adding an equal volume of 2% formaldehyde solution (900 mL 16% formaldehyde in 7.3 mL 1 X PBS) to the resuspended cells and incubated at room temperature for 20 min. The formaldehyde crosslinking was quenched by adding 1/20 volume of 2.5 M glycine to the cells in suspension. The cells were then washed twice using ice-cold 0.125 M glycine in 1 X PBS. Next, the cell pellet was resuspended in 500 mL buffer A2 (15 mM HEPES pH 7.5, 140 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% Sodium deoxycholate, 1% SDS, 0.5% N-lauroylsarcosine, 1/200 volume protease inhibitor cocktail (Sigma). The nuclei were pelleted by spinning at 3500 x g for 5min at 4 C. Nuclei were resuspended in 800 ml Buffer A2 and sonicated using a Misonix 3000 sonicator at 4 C using output power 3 (9 w power) for 10 cycles (where each cycle is a 10 s burst of sonication, followed by a 60 s pause) and spun at 14000 rpm at 4 C for 10 min. A 30 ml aliquot of the sheared chromatin (supernatant) was saved as input sample to normalize the eluate signals and to check the sonication efficiency.
Prior to the immunoprecipitation, Protein A/G (Invitrogen) or Protein G (Life Technologies) magnetic beads were washed twice using BSA solution (0.5% BSA in 1X PBS). 10 mg anti-Rpb3, H3, and H2Av serum were coupled to Protein G beads, while antiH3K36me3, H3K4me3, normal Rabbit IgG (Santa Cruz), SSRP1 (This paper), and Spt16 (This paper), were coupled to Protein A/G magnetic beads by incubating in BSA solution (0.5% BSA in 1X PBS) for 4 hours at 4 C on a rotator. The antibody-conjugated beads were then washed twice using 0.5% BSA in 1X PBS. The sheared chromatin was then added to the antibody-conjugated Protein A/G or Protein G beads and incubated overnight at 4 C. The beads-antibody-protein complexes were washed twice with 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, once with 20 mM Tris-HCl, 500 mM NaCl, 2 mM EDTA, 1% Triton X-100, and once with 20 mM Tris-HCl, pH 8.0, 250 mM LiCl, 1 mM, 1% Triton X-100, 0.1% NP-40, 0.5% sodium deoxycholate at 4 C. Washed bead-antibody-protein complexes were resuspended in 150 ml elution buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA, 1% SDS), 150 mL TE (10 mM Tris-HCl, pH 8.0, 1 mM EDTA), and 4 mL of 10 mg/ml RNaseA (Sigma). In parallel, 120 mL elution buffer, 150 mL TE, and 4 mL of 10 mg/ml RNaseA were added to 30 ml of each input sample. Input samples and bead-antibody-protein complexes were then incubated in a Thermomixer at 37 C with shaking for 30 min. In order to digest the proteins and reverse the crosslinking, 2 mL of Proteinase K solution (Invitrogen) was added to the eluate and incubated overnight at 65 C while shaking on the thermomixer. DNA was purified using Phenol:Chloroform:Isoamyl Alcohol 25:24:1 (Sigma), precipitated using ethanol, and resuspended in nuclease free water. Libraries from the ChIPed DNA were prepared using the KAPA HTP kit (Kapa Biosystems), size selected using the SPRIselect double side size selection kit (Beckman Coulter) and sequenced on the Illumina HiSeq 2500 platform.
The $30 million reads from each experiment were demultiplexed into Fastq format allowing up to one mismatch using Illumina bcl2fastq2 v2.18. Reads were aligned to UCSC genome dm6 with Bowtie2 version 2.2.9 (Langmead and Salzberg, 2012) with default settings. Reads were extended to 150 bases toward the interior of the sequenced fragment and normalized to total reads aligned (reads per million; RPM). FACT and Rpb3 peaks were called by MACS2, version 2.1. 1.20160309 (Zhang et al., 2008) , broad peak at q < 0.1. Peaks were annotated to the nearest gene; peaks within 200 bp upstream to 1000 bp downstream of TSSs were annotated as TSS and early transcribed regions.
ChIP-qPCR
To assess the effect of SSRP1 or Spt16 knockdown on H3 occupancy at promoter regions and within the gene bodies of selected genes, we performed anti-H3 ChIP as described above under ChIP-seq using chromatin from cells treated with eGFP, SSRP1, or Spt16 dsRNAs. IP and input samples were analyzed by quantitative real-time PCR (qPCR) using PerfeCTa SYBR Green FastMix Low ROX (Quanta bio) in a QantStudio 7 Flex-Thermal Cycler (Life Technologies-Applied Biosystems). Table S2 lists PCR primers used to amplify regions at the transcription start sites and within the gene bodies of Inos, Droj2, and 18w and within the gene body of Hsp22, as well as in two transcriptionally inactive genomic regions.
PRO-Seq
The PRO-seq procedure and library preparation were performed as previously described (Kwak and Lis, 2013; Mahat et al., 2016) . Briefly, nuclei were isolated from the washed cells by resuspending gently in 5ml ice cold douncing buffer (10 mM Tris-HCl pH 7.4, 300 mM sucrose, 3 mM CaCl2, 2 mM MgCl2, 0.1% Triton X-100, 0.5 mM DTT, 1 tablet of protease inhibitors cocktail (Roche) per 50 ml, 4 u/ml RNase inhibitor (SUPERaseIN), incubated on ice for 5 min and dounced until 90% of cells were lysed (from 5-25) in a 5 mL capacity Dounce homogenizer. Nuclei were then pelleted at 1000 x g for 4 min in a swinging bucket at 4 C, washed twice using 10 mL douncing buffer and resuspended in storage buffer (10 mM Tris-HCl pH 8.0, 25% (vol/vol) glycerol, 5 mM magnesium acetate, 0.1 mM EDTA, 5 mM DTT) at a concentration of 20 3 10 6 nuclei/100 ml. The isolated nuclei from the two biological replicates for each condition were flash frozen in liquid nitrogen and stored at À80 C. To perform the 4-biotin run-on assay, 20 3 10 6 nuclei in 100 ml storage buffer were mixed thoroughly with an equal volume of preheated (30 C) 2 X Nuclear Run-On master mix (10 mM Tris HCl pH 8.0, 5 mM MgCl 2 , 300 mM KCl, 1 mM DTT, 0.8 u/ml RNase inhibitor (Ambion), 1% Sarkosyl and 50 mM each of Biotin-11-ATP, Biotin-11-GTP, Biotin-11-CTP, Biotin-11-UTP, all from PerkinElmer, and incubated for 3 min at 30 C in a heat block. The nascent RNA was extracted using Trizol LS (Invitrogen) and precipitated using 2.5 volumes of 100% ethanol. The purified RNA was fragmented by base hydrolysis in 0.2 N NaOH and enriched for biotinylated nascent transcripts by purifying in streptavidin-coated magnetic beads (Life Technologies). After the 3 0 RNA adaptors were ligated to the fragmented RNAs, a second round of biotin-streptavidin purification was performed. The mRNA cap was then removed and the reverse 5 0 RNA adaptor ligated. A third biotin affinity purification was performed, and the cloned products were reverse transcribed using RP1 primer. Primers RPI4, RPI5, RPI6 and RPI7 were used to barcode cDNAs from eGFPdsRNA_rep1 (Non-targeting control, replicate 1), eGFPdsRNA_rep2(Non-targeting control, replicate 2), SSRP1kda1 (SSRP1 dsRNA mediated knockdown, replicate 1), and SSRP1kda2 (SSRP1 dsRNA mediated knockdown, replicate 2) respectively.
PCR amplicons of 140 bp to 350 bp were selected using the 2% Agarose Gel Cassette, Dye-Free (Sage Science, CDF2010, Cassette type: 2% DF Marker L) on the Pippen Prep (Sage Science, Software: v.5.8) instrument. Equimolar concentrations of library fractions were then pooled together and sequenced using a mid-output flow cell on the Illlumina NextSeq 500 platform.
Raw reads were demultiplexed into Fastq format allowing up to one mismatch using Illumina bcl2fastq2 v2.18. The adaptor sequence 5 0 -TGGAATTCTCGGGTGCCAAGG-3 0 was removed, and reads were trimmed to 36 bp. Reads with length less than 15 bp after trimming were removed. After reverse-complementing, reads were aligned to UCSC genome dm6 with Bowtie2 version 2.2.9 with default settings. Normalized coverage tracks were generated by applying a normalization factor calculated from reads aligned to the previously characterized transcriptionally silent regions (Kharchenko et al., 2011 ). Normalized bigwig files were then used for downstream analysis.
Pausing indices (the ratio of promoter coverage, defined as À50 to +150 around the TSS, versus the gene body, defined as +300 from the TSS to the end of the transcript) were calculated as described (Kwak et al., 2013) . Genes were divided into three equal groups designated highly paused (PI R 23.5), moderately paused, (3.3 < PI < 23.5), and lowly paused (PI % 3.3). Genes that were less than 500 bp in length, overlapped other genes or were within 200 nt of nearby genes were excluded from the downstream analysis. For genes with more than one annotated TSS, the TSS with highest PRO-seq coverage was selected. We also excluded genes with less than 1 RPKM PRO-seq signal in the promoter region in order to exclude non-active genes.
RNA-Seq
At the end of the 4-day knockdown, Drosophila S2 cells were harvested. Human HEK293T cells were added to the harvested S2 cells (0.8x10e6 human cells / 15x10e6 S2 cells) as spike-in control. Each pool of S2 and HEK293T cells was washed twice using 1 X PBS. Total RNA was extracted using the QIAGEN RNeasy mini kit (QIAGEN) following the manufacturer's protocol. The quantity and integrity of the isolated RNA were assessed using the Agilent Bioanalyzer. PolyA+ RNA libraries were prepared following the Illumina TruSeq Stranded mRNA sample preparation protocol (Illumina) using the TruSeq Standard mRNA LT Sample Prep Kit, 48; Set A (Illumina). Libraries were sized-selected using dye-free 2% agarose gel cassettes with a Pippen Prep (Sage Science) and validated using Agilent 2100 Bioanalyzer. Barcoded libraries were pooled together and subjected to sequencing on a HiSeq 2500-DNA Sequencer to generate 50 bp single end reads.
Raw reads were demultiplexed into Fastq format allowing up to one mismatch using Illumina bcl2fastq2 v2.18. Reads were aligned using default settings to a combined dm6-hg38 genome with STAR version 2.5.2b (Dobin et al., 2013) , using Ensembl 84 gene models. The RUVg method (Risso et al., 2014 ) was applied to remove unwanted variation in gene counts. Spike-in genes with at least 100 counts in all samples were used as negative control genes. RUVg yields factors of unwanted variation for each sample, which are incorporated as a term in the edgeR negative binomial GLM (Robinson et al., 2010) to perform differential gene expression analysis. Genes with reads of more than 1 count per million (CPM) in any two samples were included in downstream analyses.
Metaplots and Boxplots
Metaplots showing average gene profiles of SSRP1 and Spt16 occupancy include 876 genes that overlap SSRP1 or Spt16 high confidence peaks (MACS2 FDR % 10 À2 ; fold change R 1.5); boxplots comparing FACT and Rpb3 occupancy show data from the same set of genes. H3, H2A.v, H3K4me3, and PRO-seq metaplots show normalized average gene profiles of transcripts (n = 1556) that are longer than 1500 bp and separated from other transcripts by at least 200 base pairs; only transcripts with PRO-seq coverage in control, eGFP dsRNA-treated cells of more than 1 RPKM in the region À50 to +150 relative to dm6 annotated TSSs were included. For genes with more than one annotated TSS, the TSS with highest PRO-Seq coverage was selected. The indicated regions upstream and downstream of TSS and TES were plotted. The remainder of gene bodies were scaled to a length of 1000 bp, and data were averaged using 10 bp bins. Boxplots in Figures 2, 3 , S3, and S4 include data from transcripts (n = 2023) that are longer than 1000 bp, separated from other transcripts by at least 200 bp, and have PRO-seq coverage in control cells of more than 1 RPKM in the À50 to +150 region. Plots were generated with R package ggplot2 (Wickham, 2009 ).
ChIP-Seq and PRO-Seq Normalization
To compare transcription-dependent changes in H3, H2A.v, H3K4me3, H3K36me3, and PRO-seq datasets from control and FACT-depleted cells, we normalized datasets to ChIP or PRO-seq signals at regions of transcriptionally silent, intergenic euchromatin regions, where FACT depletion is expected to have minimal effect on chromatin architecture. These transcriptionally silent, intergenic euchromatin regions were lifted from dm3 to dm6 genome annotation. The scaling factor for each dataset (Table S4 ) was based on the number of reads in 444 silent domains (state 9) (Kharchenko et al., 2011) that are longer than 1 kb and do not overlap with annotated genes.
ChIP-Nexus and Measurement of Paused Pol II Half-Life
The ChIP-nexus procedure and library preparation were performed for each of the two biological replicates of each knockdown and control conditions as previously described (Shao and Zeitlinger, 2017) . Briefly, cells were treated with triptolide at room temperature for 5, 10, 15, and 30 min and 2% DMSO as control. Each sample was then fixed with 1% formaldehyde at room temperature for 10 min, washed with cold PBS, incubated with Orlando and Paro's Buffer A (0.25% Triton X-100, 10 mM EDTA, 0.5 mM EGTA, 10 mM Tris-HCl, pH 8.0) for 10 min at room temperature with rotation, and then centrifuged and re-suspended in S2-RIPA buffer (10 mM Tris-HCl, pH 8.0; 140 mM NaCl; 0.1% SDS; 0.1% sodium deoxycholate; 0.5% sarkosyl; 1% Triton X-100). Sonication was performed with a Bioruptor Ⓡ Pico sonicator for five rounds of 30 s on and 30 s off.
